We present a detailed analysis of the molecular kinetics of CHCl 3 in a range of temperatures covering the solid and liquid phases. Using nuclear quadrupolar resonance we determine the relaxation times for the molecular rotations in solid at pre-melting conditions. Molecular dynamics simulations are used to characterize the rotational dynamics in the solid and liquid phases and to study the local structure of the liquid in terms of the molecular relative orientations. We find that in the pre-melting regime the molecules rotate about the C-H bond, but the rotations are isotropic in the liquid, even at supercooled conditions.
Introduction
Compounds of the form CXCl 3 exhibit an interesting phase behavior whose complexity depends on the nature of the X substituent. For example, CBrCl 3 and CCl 4 have an intermediate plastic phase between the liquid and the pure crystalline phases [1] . On the other hand, crystalline CHCl 3 melts to its liquid form without the intermediate plastic step [2] . These compounds, along with other tetrahedral molecules, have received considerable attention in the recent years [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] . Besides the importance that these molecules have due to their application in several industries and their environmental impact, they represent an interesting academic problem [15, 16] . In particular, the plastic phases could be regarded as simplified models for liquids that lead to the formation of simplified glass systems. The comparative study of the local order and orientational correlations of these compounds allows us to understand the different microscopic scenarios in the liquid and solid phases [17, 18] . In this letter we concentrate our attention on the kinetic and thermodynamic behavior of CHCl 3 , complementing our previous studies for X=Cl [19] and X=Br [20] . Here we perform a molecular dynamics study (MD) of solid and liquid chloroform, along with nuclear quadrupolar resonance (NQR) measurements of the molecular relaxation times in the solid phase. Our new findings, together with our previous knowledge about the other two systems of the CXCl 3 family, allow us to interpret the role of the substituent X in determining the stable phases and their molecular kinetics signature.
Methods
NQR experiments were performed on a sample of CHCl 3 (Fluka-SigmaAldrich #25670) placed in a glass ampoule and sealed under vacuum. The 35 Cl NQR transition frequencies and spin lattice relaxation times (T 1 ) were measured between 77 K and melting temperature 210 K by means of a conventional homemade fast Fourier transform (FFT) pulsed spectrometer [21] . The relaxation times were measured by using the (π/2-τ -π/2) sequence. The temperature was controlled within 0.1 K using a homemade cryostat.
We performed MD simulations of CHCl 3 in solid and liquid conditions in the NPT ensemble using the Gromacs v.4.5.5 simulation package [22] . The dynamics equations were integrated using the leap-frog algorithm with a time step of 0.001 ps. The simulated system consisted of 3920 molecules (19600 atoms), periodic boundary conditions were applied in all three Cartesian directions and a spherical cutoff was imposed at 2 nm for all interactions. The temperature was controlled with the velocity rescale algorithm [23] with a time constant of 0.2 ps, and the pressure maintained at 1 atm with a Berendsen anisotropic barostat with a time constant of 0.5 ps and compressibility of 7 ×10 −6 bar −1 . The MD simulations of the solid phase of CHCl 3 were performed using as initial configuration the structure determined by X-ray diffraction [2] . The crystalline structure of chloroform is orthorhombic and corresponds to the space group Pnma 62, with four molecules per unit cell. The melting temperature at ambient pressure is 210 K. The lattice parameters, which were determined at 185 K, are a = 7.485Å, b = 9.497Å and c = 5.841Å [2] . The initial configurations for the simulations in the solid phase consist of perfect crystalline systems of 10 × 7 × 14 = 980 unit cells, which include 980 × 4 = 3920 molecules. These configurations were relaxed at each temperature with short NVT runs of 100 ps.
Several models for CHCl 3 consisting of different sets of Lennard-Jones parameters, charges and slightly different interatomic distances can be found in the literature [24, 25, 26, 27] , and a comparison between them and several parameter variations can be found in Ref. [28] for liquid chloroform at ambient conditions. Here, after tests in the liquid and solid phases, we adopted one variation of a model originated by Dietz and Heinzinger [24] with atomic charges resulting from an optimized HF/aug-cc-pVDZ geometry [28] . This five sites CHCl 3 model is based on a rigid, distorted tetrahedron with the C atom at the center, three Cl atoms on three vertices, and a H atom located in the remaining vertex. The intermolecular interactions were described by a Lennard-Jones (L-J) potential plus a Coulombic term. The L-J parameters (σ,ǫ) for interactions between different atoms were determined using the combination rules σ ij = (σ i + σ j )/2 and ǫ ij = √ ǫ i ǫ j , where i, j represent the three atomic species C, Cl and H. The details of the parameters and model architecture are summarized on Table 1 .
Results
In order to determine the correlation times corresponding to the rotational jumps of CHCl 3 we measured the NQR spin lattice relaxation times, T 1 , between 77 K and the melting point at 210 K. In the solid phase, the CHCl 3 spectra displays only two NQR lines with an intensity ratio of 2:1, Figure 1 . These two lines correspond to the the two nonequivalent Cl atoms in the asymmetric unit as revealed by the crystallographic studies of Fourme and Renaud [2] . The NQR relaxation times of the two lines are shown in Figure 1 .
Below 180 K the T 1 data shows a weak temperature dependence (T −2 ) while above that temperature T 1 has the behavior characteristic of thermally activated process. In molecular crystals and for rigid molecules, the quadrupolar relaxation is usually due to two types of mechanisms: a phonon or molecular libration contribution [29] and a rotational contribution resulting from the slow reorientational jumps of the molecules between equivalent positions [30] . Then, the relaxation rates for each nucleus that participates in the reorientation can be described by the sum of these two independent processes, and for a three-fold symmetric molecule [14] T
. Therefore, subtracting the phonon contribution, the reorientational contribution to the relaxation process, τ −1 (T ), can be extracted from the data and the resulting reorientational correlation time τ is shown in the bottom-left inset of Figure 1 .
We began our MD study by estimating the melting temperature of the model. In order to have an estimation of the model's melting temperature we performed several tests, starting from checking the stability of the crystalline phase as a function of the temperature. It was found that at 240 K the system remains as a solid for up to 50 ns of simulation. At 250 K the system melts in less than 1.5 ns. Since a small crystalline sample such as the simulated one is expected to persist as a solid under superheated conditions, 250 K represents an upper limit for the melting temperature of the model CHCl 3 . Next we study the stability of a system consisting of a solid slab in contact with a liquid slab, and it was found that the system melts at 180 K but remains stable for up to 50 ns at 160 K and lower temperatures. In this case, the later temperature represents a lower bound for the melting temperature since the fluctuations, which are relatively large due to the intrinsic small size of the simulated system, tend to favor the phase with larger entropy. Therefore, the model's melting temperature is between these two limits, and although this is a large interval, it suffices for the purpose of the analysis that we present below.
The NQR measurements show that the orientational relaxation time is τ * = 1 ms at 205 K. This time is essentially infinity for an atomistic simulation so we cannot perform a direct comparison between experiments and simulations. However, in simulations of 50 ns we are able to see some molecular reorientations that become more frequent as the temperature is increased. These molecular motions are in all cases sudden jumps between equivalent positions achieved by rotations of 120
• about the C-H bond. As a result, the auto correlation function of the C-H bonds does not show any decay with time besides a sharp small drop at very short times due to the molecular librations. The sudden 120
• rotations are reflected by a slow decay of the auto correlation function of the C-Cl bonds, see Figure 2 . Then, we analyze the Table 2 : Molecular rotations in solid CHCl 3 . k R is the observed number of molecules that rotated at least once in a simulation of t 0 = 50 ns, P (k R ) is the corresponding probability according with the experimental relaxation time (see text) and τ Cl is the relaxation time of the C-Cl molecular bonds calculated from the MD simulations.
rotational jump dynamics in a total time of t 0 = 50 ns. This is done assuming that the rotations of a single molecule follow a Poisson distribution characterized by the experimental rate of rotations, i.e. λ = 5 × 10 −5 (= t 0 /τ * ). The probability that a molecule jumps at least once, p = 1 − e −λ = 0.00005, is taken as the probability of success in a binomial distribution considering N = 3920 independent trials. Next we calculate the probability of having k R molecules jumping at least once during the simulated time t 0 , which is shown in Table 2 . The table also includes the relaxation times calculated from the rotational autocorrelation functions of the C-Cl bond vector, denoted by τ Cl . These correlation times, much longer than the total simulation time, were estimated from the initial slope of autocorrelation functions assuming an exponential decay. The expectation value for the number of molecules having at least one rotation is Np = 0.196, which approximately coincides with the number of molecules that jump at least once observed in the simulation at 200 K. Moreover, as the temperature increases above 210 K the number of molecular jumps dramatically increases and therefore cannot be explained in terms of the experimental relaxation time at pre-melting conditions. This collection of results, the lower and upper bounds described above together with the probability analysis, point to a melting temperature of the simulated model very close to the experimental melting temperature of 210 K.
The molecular rotations in the solid phase are essentially about the C-H bond vector. This is clear from the auto-correlation functions of the C-Cl and C-H bond vectors displayed in Figure 2 K. Both correlations show a fast initial decay from 1 to ∼0.95 due to the molecular librations, but the C-H bond remains in the same direction while the C-Cl bonds relax due to the sporadic molecular jumps. The question that arises is whether this anisotropy in the rotations is preserved upon melting or not. In Figure 3 we show the corresponding curves for a liquid system at a stable 240 K, and at supercooled conditions at 190 K. The two systems show a similar rate for the rotations about the two distinct bond vectors. The disappearance of the rotational anisotropy is possible due to a decrease in the density of the system of approximately 10 % as it melts.
In order to understand what are the molecular rearrangements upon melting that lead to the decrease in density we analyze the pair distribution functions, g(r), for the different atom pairs. In particular, we plot on Figure 4 the g(r) for C-H and C-Cl pairs. The curves corresponding to the solid phase at 190 K display the signature multi-peak pattern of the lattice structure. The pair correlation functions for the liquid systems reveal the local structure of the fluid that dies off for r ≥ 1.5 nm. The picture that emerges is that, as the system melts, the strong C· · ·H association in the solid phase is lost resulting in an overall expansion of the volume. This is clear from g CH (r) that has a distinctive peak at r = 0.38 nm in the solid structure that completely disappears in the liquid, moving the peak to r = 0.46 nm. The CC pair correlation functions also reflect the overall expansion of the volume, which in turn, provides sufficient space for the molecules to rotate with no preferential axis. The strong C· · ·H association is the result of the electrostatic interactions at short distances, which has also been considered to be the microscopic origin of polar phases in chloroform and bromoform at higher pressure [31] .
A more detailed analysis of the local structure of the liquid, based on a geometrical criteria, has been applied recently to several tetrahedral molecular systems of the form ZY i, 4 , where the four Y atoms may be of different type [15] . The idea is based on considering the number of Y atoms between the two parallel planes containing the Z atoms of neighboring molecules. Depending on this number and to which molecules these Y atoms belong, six different classes of molecular arrangements can be defined: (1, 1), (1, 2) , (1, 3) , (2, 2) , (2, 3) and (3, 3) . The numbers refer to the number of atoms from each molecule located between the two parallel planes. The probabilities of these different classes, given that the distance between the two Z atoms is r, is denoted by P (i,j) (r). In a recent study of CBrCl 3 [20] we claimed that a more meaningful quantity is the product g CC (r) × P (i,j) (r), which produces partial radial distribution functions, since it directly removes those configurations that have negligible contribution to the overall structure of the system. In Figure 5 we show g CC (r) × P (i,j) (r) for the liquid system at 190 K and 300 K. There are no major differences for the two cases, only the expected softening of the liquid structure as the temperature is increased. At short distances, the edge-to-edge and edge-to-face configurations are the most probable. face to-face arrangements are meaningful at very close distances, and corner-toface and corner-to-edge have their maximum contribution at slightly larger separation between molecules. This general pattern and relative order of the different molecular orientations is remarkably similar to one observed for the case CCl 3 Br, that is, with a large substituent atom.
Further insight on the local molecular ordering can be gained by looking at the probability P k of finding k substituent atoms (k = 0, 1 or 2) between the two parallel planes defined by the C atoms of neighboring molecules. Moreover, the size of the substituent atom may play a role in this probability and therefore we compare our new results for CHCl 3 with our previous calculations for CBrCl 3 . In Figure 6 we show P k for the two systems at 300 K. While for a H substituent at closest approach P 2 is maximum, for the Br case is P 0 the most probable configuration. This can be understood from pure geometrical considerations. Since the H atom is much smaller than the Cl atoms, the closest approach between two molecules happens with a cornerto-corner configuration directly placing the H atoms facing each other. Since the Br is considerably larger than the Cl atom the closest approach results from a face-to-face arrangement with the Br atom on the opposite sides of the facing planes. Interestingly, this difference is washed away when we introduce the g CC (r) as a weighting factor, as shown in Figure 7 for the liquid system at 190 K and 300 K, which shows remarkable similarity with the corresponding curves for CBrCl 3 . For large separations, the probabilities go to 0.5 for k = 1 and 0.25 for k = 0 and k = 2, which are the expected values from the relative number of the different atomic species in the system. At short range, the most probable configurations are those with k = 1.
A comparative analysis of the findings of this work with those corresponding to CCl 4 and CBrCl 3 allow us to draw some general conclusions. The essential difference among these three molecules is the size of the substituent atom. The perfect tetrahedral structure has an intermediate fcc plastic phase between the solid and the liquid. larger Br atom preserve the intermediate plastic phase. However, the substitution with a much smaller H atom suppresses completely the plastic phase. The dynamics of the CHCl 3 solid phase is qualitatively different than that of the other two compounds: while rotations about all the bonds are observed in the CBrCl 3 and CCl 4 , only rotations about the C-H bond are possible in the present case.
